It is expected that biodiesel production in the EU will remain the dominant contributor as part 17 of a 10% minimum binding target for biofuel in transportation fuel by 2020 within the 20% 18 renewable energy target in the overall EU energy mix. Life cycle assessments (LCA) of 19 biodiesel to evaluate its environmental impacts have, however, remained questionable, 20 mainly because of the adoption of a traditional process analysis approach resulting in system 21 boundary truncation and because of issues regarding the impacts of land use change and N 2 O 22
emissions from fertiliser application. In this study, a hybrid LCA methodology is used to 23 evaluate the life cycle CO 2 equivalent emissions of rape methyl ester (RME) biodiesel. The 24 methodology uses input-output analysis to estimate upstream indirect emissions in order to 25 complement traditional process LCA in a hybrid framework. It was estimated that traditional 26 LCA accounted for 2.7 kg CO 2 -eq per kg of RME or 36.6% of total life cycle emissions of 27 the RME supply chin. Further to the inclusion of upstream indirect impacts in the LCA 28 system (which accounted for 23% of the total life cycle emissions), emissions due to direct 29 land use change (6%) and indirect land use change (16.5%) and N 2 O emissions from fertiliser the web for an illustration of the transition plan of past EU policies affecting biofuels and the 48 timescale for future commitments. 49
Biodiesel is Europe's dominant renewable fuel [2] with rapeseed accounting for about 80% 50 of primary feedstock for biodiesel processing and about 75% share of total oilseed production 51 of EU-27 in 2009-10 [3] . Production of biodiesel on an industrial scale began in 1992 about 52 Identification of 'Carbon Hot-Spots' and Quantification of GHG Intensities in the Biodiesel Supply Chain Using Hybrid LCA and Structural Path Analysis. Environ. Sci. Technol.,, 45 (6) , pp 2471-2478 4 biofuel supply chain and using process analysis data to estimate the carbon impacts of 74 selected supply chains within the system boundary. 75
It is, however, well recognised that because of difficulties in collecting process-specific data 76 in LCA and the infinite number of possible supply chain paths, the use of hybrid LCA 77 provides a more comprehensive framework for the evaluation of environmental impacts of 78 upstream production [12] [13] [14] [15] . A hybrid LCA combines the specificity of process analysis 79 with the extended system boundary of input-output (IO) analysis. Hybrid LCA has had many 80 applications. Lenzen and Wachsmann [16] and Crawford [17] demonstrated the use of a 81 hybrid LCA technique in the assessment of the energy content of wind turbines in order to 82 achieve system completeness. A limited number of studies using hybrid LCA have been 83 undertaken on biofuels. Bright et al. [18] undertook an environmental assessment of wood-84 based biofuel to estimate the cumulative global warming mitigation under different scenarios 85 in Norway. The hybrid LCA in this study consisted of a two-region (Norway and the 86 European Union) IO model and process analysis inventory for the biofuel options. 87
In this paper the life cycle GHG emissions of a typical biodiesel supply chain are calculated 88 using hybrid LCA, incorporating process-specific data of rape methyl ester (RME) 89 production and inputs from higher upstream processes such as chemical inputs, mining, 90 transportation, banking, equipment, etc, based on input-output analysis. Direct and indirect 91 emissions in the biofuel supply chain are determined, including direct and indirect land use 92 change and N 2 O emissions from fertiliser application. Furthermore, structural path analysis (a 93 decomposition technique used in economic and ecological systems analysis) is applied to 94 identify, quantify and rank high carbon emission paths -or 'carbon hot-spots' -in the supply 95 Identification of 'Carbon Hot-Spots' and Quantification of GHG Intensities in the Biodiesel Supply Chain Using Hybrid LCA and Structural Path Analysis. Environ. Sci. Technol.,, 45 (6) , pp 2471-2478 5 chain. Some studies have demonstrated the use of SPA as a decomposition technique of 96 environmental impacts in a LCA context [19] [20] . To the best of the authors' knowledge, this 97 is the first time that SPA has been used for an analysis of the biodiesel supply chain. This 98 detailed analysis is aimed at helping to tailor and prioritise mitigation efforts through the use 99 of biofuels. 100 101 102
Material and Methods 103
'Integrated hybrid LCA' as defined by Suh and Huppes [21] is applied in this study. This form 104 of hybrid LCA combines a process matrix and an IO matrix in a consistent mathematical 105 framework [22] . Whereas the process component systematically computes physical inputs 106 and outputs of each production step within the system boundary, the input-output component 107 completes the analysis by enumerating upstream indirect inputs from outside the process 108 system boundary. 109
For an integrated hybrid assessment of biofuel supply chains, the process matrix is linked to 110 the input-output matrix using the operational expenditure of biofuel production to account for 111 upstream inputs. As shown by Suh and Huppes [21] , the general relationship for the 112 integrated hybrid model is given in matrix notation by: 113 Matrix ‫ܣ‬ ‫‬ describes the product inputs into processes as captured in the unit process 129 exchanges (or process analysis inventory from ecoinvent in this case) and described in Table  130 S1. These processes, together with the sectoral inputs from IO sectors, are used to draw up 131 the biodiesel supply chain map as depicted in Figure S3 . 132
Matrix ܷ, which is assigned a negative sign, represents the higher upstream inputs from the 133 IO system to the process system. Matrix ‫,ܦ‬ also assigned a negative sign, represents the 134 (downstream) use of goods / process inputs from the process to the background economy (IO 135 system). As explained by Suh and Huppes [21] , the downstream cut-off matrix represents the 136 link from the process-based (foreground) system to the IO-based (background) system. It can 137 be argued that the downstream cut-off flows in ‫ܦ‬ are often small compared to the -normally 138 much larger -background economy (cf. [23] ). The aim of the present paper is to quantify the 139 total emissions of biodiesel production in the status-quo economy of the UK in 2004 when 140 the market share of biodiesel as a percentage of road transport fuel was at a modest 0.09% in 141
2004 [24] . For the sake of simplification we therefore neglect interactions with the 142 background economy and set values in ‫ܦ‬ are set to zero. We acknowledge, however, that a 143 more general use of biodiesel in the economy would ideally be evaluated by including 144 industries' expenditures on biodiesel in D (e.g. by assuming different market penetrations of 145 biodiesel in a number of scenarios). 146
The final demand for biodiesel also represents the functional unit of the LCA system, set to 147 1kg of RME biodiesel in this study. 148
In order to achieve a complete LCA system for the biodiesel supply chain, upstream cut-offs 149 from the process-based LCA system were estimated using input-output analysis. For 150 example, to estimate the contributions of an upstream service (for example: administration) 151 for a given process inventory (for example: electricity) already captured in the process 152 matrix, ‫ۯ‬ ‫ܘ‬ the following steps were taken. The unit cost of the process under consideration 153 all potential sectoral products that are indirect input requirements into biodiesel production 166 are included. Similarly, to account for minimum IO upstream cut-offs, only sectoral products 167 that are highly probable indirect input requirements into biodiesel production supply chain 168 are included. Refer to the supplementary Spreadsheet S1 for inputs into the upstream supply 169 chain for the maximum and minimum case scenarios. Besides its mathematical consistency, 170 integrated hybrid LCA provides a comprehensive framework because all inputs associated 171 with the biodiesel supply chain can be expressed by the combination of process and IO 172 matrices. 173 174
Structural Path Analysis 175
Taylor's series expansion is applied only to the IO part of Equation (1) because the inputs of 176 the unit process obtained from ecoinvent are clearly known:
‫ܧ‬Iy', represents the direct GHG emissions emitted (at production level 0) for a given demand 179 and ‫ܧ‬A ୬ y the indirect GHG emissions emitted for a given final demand at the ݊ ௧ production 180 level. The Taylor series expansion of the Leontief inverse matrix can be further decomposed 181 by unravelling the ‫ܣ‬ matrix (or the IO technology coefficient matrix with elements, ܽ ) into 182 a series of structural paths at the ݊ ௧ order to systematically identify important supply chains 183 [25] . Summing up across all products ݅and industries, ݆, the total environmental impact of a 184 final demand bundle ‫ݕ‬ can be decomposed into: (Equation 3) 185
where ݁ is the emission intensity of industry ݆ and elements ܽ represent transaction 187 coefficients between sector ݊ and ݉ . Each multiplied term represents the contribution of an 188 individual supply chain path. In the case of biodiesel in this study, the emission 'carbon hot 189 spots' in the supply chain were to be identified and therefore the combined upstream inputs The decomposition of the series expansion can be represented as a tree diagram (Refer to 194 Figure S4 ) whereby each tier in the tree represents a different production layer and each node 195
gives the contribution to total environmental impacts from the demand, ‫ݕ‬ [26]. 196 Production layer refers to the stage of supply to the main product. Production layer 0 197 therefore refers to the biodiesel production process. Production layer 1 is the first stage of the 198 upstream supply chain and production layer 2, is the supplier to the first upstream supplier of 199 the biodiesel process. In a SPA disaggregation of a product system, each node represents a 200 contribution to the total environmental impacts from the demand, ‫.ݕ‬ 201
The maximum number of nodes at a production level is given by: 202 The importance of supply chain decomposition in disentangling upstream emission paths in a 206 product system is evident in the fact that upstream environmental impacts are often greater 207 than direct environmental impacts in a supply chain. In a carbon footprint case study of 208 economic sectors in Australia and the US, Huang et al. [27] for example, showed that direct 209 emissions of the majority of sectors are below 20% of the total carbon footprint, and can be 210 as low as 1%. To maximise the potential for biodiesel to achieve real CO 2 emissions 211 reductions compared to fossil fuels, high emissions intensity paths or 'hot-spots' in the supply 212 chain must be identified and possible lower emission alternative processes for the production 213 of biofuels must be found. 214 Biodiesel Supply Chain Using Hybrid LCA and Structural Path Analysis. Environ. Sci. Technol.,, 45 (6), pp 2471-2478 11 215
Process Analysis Data 216
The 2010 ecoinvent database v2.2 was used to compile the process analysis life cycle 217 inventory described as unit process exchanges. This dataset includes production of biodiesel 218 rape methyl ester (RME) from rape oil from esterification plants in the EU. The operation of 219 storage tanks and fuel stations, including the distribution to the final consumer and all 220 necessary transport requirements are included. Emissions arising from evaporation and 221 treatment of effluents (may also refer to the air emissions of the plant) are also included. For 222 the analysis, corresponding CO 2 -eq emissions data of unit process exchanges, ‫ܧ‬ , emitted in 223 producing 1kg of RME biodiesel were determined. Biogenic CO 2 was captured in the unit 224 process exchanges obtained from ecoinvent [28] . It was calculated using the principle of 225 carbon balance (input of carbon = output of carbon); that is, the uptake of carbon during plant 226 growth plus all inputs of biogenic carbon with all pre-products minus biogenic carbon 227 emissions should equal the biogenic carbon content of the biofuel or the product after all 228 allocations have been done [28] . The unit process exchanges representing the process 229 analysis data from ecoinvent are presented as Table S1 as part of Supplementary Information 230 on the web. 231 232
Input-Output (IO) Analysis Data 233
Previously constructed 2004 UK domestic and UK imports supply and use tables 234 disaggregated to 178 sectors were used to derive the input-output data used in the study [29] . 235 Columns of UK and ROW industry input requirements are augmented with data for 242 greenhouse gas emissions to derive sectoral emissions intensities (kg CO 2 -eq/£) for the 243 environmental matrix, ‫ܧ‬ ି . A supply chain map illustrating the comprehensive system 244 boundary framework of the biodiesel supply chain adopted in this study is available in Figure  245 S3 under SI on the web. 246 247
Allocation Factors 248
The production of RME results in multiple product outputs. For example, the processing of 249 oil mill into rape oil also results in the production of rape mill as a by-product. The 250 esterification of vegetable oil into RME also produces glycerine and potassium sulphate. In 251 order to deal with multiple product outputs, LCA studies apply the method of either 252 allocation or system expansion. In the first case, inventory data are allocated to the main 253 product, by-products and waste, respectively, in order to assign material inputs and 254 environmental impact. In system expansion, the boundary is extended to account for the input 255
and output flows of all products. In this study, we use the first option, allocation, as we are 256 specifically interested in the provision of biodiesel. gives this allocation option in Step 3 of its allocation procedure. Hence, in this study, the 261 economic revenue allocation as adopted in ecoinvent [28] was used. To reduce the 262 uncertainty related to economic allocation because of potential fluctuations in the economic 263 values of product and co-products, the environmental burdens are allocated according to the 264 revenue of all process products, based usually on the average prices for three consecutive 265 years. (Refer to Table S2 for allocation details). Allocation factors for other methods related 266 to the production of RME are also presented in ecoinvent [28] . 267 268
Results and Discussions 269

Hybrid Life Cycle CO 2 -eq of Biodiesel Production 270
The total emissions of all unit process exchanges representing the process analysis data of the 271 biodiesel production process is 2.7 kg CO 2 -eq or 36.6% of the total life cycle emissions. IO Biodiesel Supply Chain Emissions). Refer also to Table S3 and Figure S6 on the web. 279
It was also estimated (from the process analysis inventory in ecoinvent) that the esterification 280 of vegetable oil to RME process accounted for 35.5% of the total emissions or 97% of 281 emissions due to the unit process exchanges in the process inventory. The other unit process 282 exchanges: road and train transport, electricity supply, regional distribution of oil, waste 283 management and water treatment from the process analysis inventory in ecoinvent 284 collectively accounted for around 1.1% of the total emissions associated with the RME 285 biodiesel production process. 286 287
Other Impacts 288
It has generally been argued that greenhouse gas releases from land use change and nitrous 289 oxide (N 2 O) emissions from the use of fertilisers can potentially be significant enough to 290 change the environmental profile of biodiesel [35] [36] . 291
With N 2 O having a global warming potential 298 times that of CO 2 when considered over a 292
100-year period [37], the use of nitrogen fertilisers has the potential to significantly affect the 293 GHG emissions balance of biodiesel. N 2 O is emitted both directly from soils due to the use of 294 nitrogen-based fertilisers and microbial transformations of organic nitrogen (N), and also 295 indirectly with nitrogen losses through volatilization, leaching and runoff of N-compounds 296 that are converted into N 2 O off site. shows that N 2 O emission factor (direct and indirect) in agro-biofuel production is 3-5% of N 314 applied (that is 0.03-0.05 kg N 2 O-N (kg N) -1 . The maximum value of 5% in Crutzen et al. 315
[42] is used to assess the highest impact case scenario in this study. The minimum value of 316 3% Crutzen et al. [42] is applied to determine the uncertainty range between the maximum 317 and the minimum impact scenario. Refer to Smeets et al. [43] for additional information on 318 the contribution of N 2 O to the greenhouse gas balance of first-generation biofuels. The 319 fertilizer input rate assumed in this study (137.4 kg-N ha -1 yr -1 ) was used in the JEC -Joint 320
Research Centre-EUCAR-CONCAWE collaboration on biofuel programme [44] . In the 321 cultivation of 1kg of rape, the following conditions were assumed: i.
Land Use: Transformation from non-irrigated arable land accounted for 71% of land 323 use at 2.08 m 2 per kg of rape while transformation from pasture and meadow land 324 accounted for 29% of land use at 0.85m 2 per kg of rape [45] 325
ii.
Land Occupation: 11 months per year permanent land-use occupation [46] . 326
iii. It was deduced from ecoinvent [28] that 2.6 kg of rapeseed is required to produce 1kg 327 of RME biodiesel 328
329
The relationship used to determine the life cycle CO 2 -eq emissions associated with the use of 330 nitrogen fertilizers can be expressed as: Equation 6 ratio of the area of particular land type occupied by bioenergy crop to the total area of 340 different land used (in cases where only one land type is used, ‫‬ will be 1) 341
Using a GWP of 298 for N 2 O and effective land size of 1.723 m 2 or (1.723 × 10 ିସ ha) per 343 kg of rape seed, it is estimated from Equation 6 that the N 2 O emissions contributed between a 344 high impact scenario of 1.32 kg CO 2 -eq per kg of RME and a low impact scenario of 0.80 kg 345 CO 2 -eq per kg of RME biodiesel. 346 347
Direct and Indirect Land Use Change 348
The Intergovernmental Panel on Climate Change [47] reports that due to direct land use 349 change, changes in carbon stock per hectare of bioenergy crop cultivation occurs in the 350 following carbon pools for cropland: biomass (above ground biomass and below ground 351 biomass); dead organic matter (dead wood and litter) and soils (soil organic matter). The total 352 change in carbon stock is calculated using Equation 7 below [10] . Indirect land use change (iLUC) is calculated using the theoretical global average indirect 361 land use change factor [48] . In this study it was assumed that the cultivation of rape seed occurred on 71% arable and 29% pasture and meadow land. A 'maximum risk' or 'maximum 363 iLUC order of magnitude' representing a 75% share of non-zero risk biofuel is assigned an 364 iLUC factor of 15 t CO 2 -eq/ha/yr while a 'low risk' or 'low iLUC order of magnitude' 365 representing 25% of all non-zero risk biofuels are subject to theoretical full iLUC factor of 5 t 366 CO 2 -eq/ha/yr [48] . The term risk refers to the level of impact due to the conversion of food 367 crop land into bioenergy crop land. A low risk biofuel is therefore assumed to be produced 368 from feedstock cultivated on set-aside or abandoned land. By weighting these iLUC factors 369 according to the ratio of land type and land sizes assumed in the cultivation of rape seed in 370 this study, the iLUC factor used for to the production of 1 kg of RME biodiesel and its co-371 products is estimated to be 11.8 t CO 2 -eq/ha/yr or 1.86 kg CO 2 -eq. Taking into account the 372 allocation factors in Table 2 , iLUC is calculated to be 1.22 kg CO 2 -eq per kg of RME. 373
Uncertainty in the impact of land-use change refers to the variability of indirect land-use 374 change factors due to the type of land used in the cultivation of feedstock. Based on the 375 assumptions for maximum/minimum iLUC risk referred to above, the uncertainty range for 376 iLUC for producing 1kg of RME biodiesel is estimated to be between of 0.52 to 1.55 kg CO 2 -377 eq. 378
The emissions associated with all stages of the RME biodiesel production are shown in 379 Figure 1 . The total life cycle CO 2 -eq emissions for 1kg of RME biodiesel were calculated to 380 be 7.38 kg CO 2 -eq or 199 g CO 2 -eq/MJ. By accounting for uncertainty in the assessment, it 381 was estimated that the results are in the range 5.03 to 8.44 kg CO 2 -eq per kg of RME 382 biodiesel. Refer to Figure S5 
Structural Path Analysis and Hotspots of Biodiesel Supply Chain Emissions. 387
In Figure S6 , the cumulative impacts of sectoral emissions from the higher upstream supply 388 chain paths of biofuel production are presented giving an indication of the relative 389 contribution of each IO sector. These higher upstream supply chain paths represent the IO 390 component of upstream inputs. Seven production layers of RME biodiesel were analysed. It 391 was estimated that the 'Utilities Sector' was the highest sectoral emitter accounting for 172 g 392 CO 2 -eq or 44.5% of total upstream emissions. This was followed by the 'Chemical Sector' 393 emitting 90 g CO 2 -eq or 23.3% of total upstream emissions. As can be seen from Figure S6 , 394 the next four sectoral emissions were 'Transportation and Communication' (37 g CO 2 -eq or 395 9.6%), 'Mining' (21 g CO 2 -eq or 5.4%), 'Minerals' (19 g CO 2 -eq or 4.8%) and 'Fuels' 396 (14 g CO 2 -eq or 3.7%). 397
Structural path analysis (SPA) is used to show the inter-connections of various products and 398
industries within the biodiesel supply chain and identify, rank and estimate the CO 2 -eq of the 399 high emissions intensity paths or 'carbon hot-spots'. 150 of the most important paths of the 400 biodiesel supply chain were extracted in the SPA. The cut-off threshold for individual path 401 contributions was set at 0.05% of total impacts in the analysis of the supply chain paths. 402
Detailed results for each of the top 50 paths are shown in Table S3 under SI on the web. 403
It was found that CO 2 -eq emissions impacts on the biodiesel supply chain originate across the 404 entire economy but of the top 150 paths, the majority originate from the sectors 'Other 405 Chemical Products', 'Organic Basic Chemicals ', 'Distribution and Trade', The "hottest spot" or the highest carbon intensity path of the biodiesel upstream supply chain 408 was identified as a path order 1: Rest of World (ROW) Sector (102) [10] and Kim et al. [49] all undertook life cycle assessments of 423 biofuels using traditional LCA but did not account for upstream emissions outside the process 424 system boundary resulting in the truncation of the product system. Given that some past 425 assessments of biofuels have also neglected the impacts of land use change and N 2 O 426 emissions, assuming that the impacts of land use change, N 2 O emissions and IO upstream 427 emissions cut-offs were truncated from the biofuel product system, as has previously been the 428 case, the total emissions would have been 2.7 kg CO 2 -eq per kg. This would have resulted in 429 a 63% underestimation of the total life cycle emissions. Therefore, IO upstream emissions 430 cut-off, N 2 O emissions and land-use change represent significant impacts which are 431 determinants that can change the environmental profile of the biodiesel supply chain. It was 432 observed that the lack of process-specific data increases uncertainties in life cycle 433 assessments. The uncertainty estimates for this study were based on data variability in 434 indirect land use change, N 2 O emissions from fertiliser application and aggregation of IO 435 data, resulting in the estimation of minimum and maximum carbon impacts of the RME 436 biodiesel supply chain. The estimation of emissions was based on economic allocation 437 between the RME biodiesel supply chain and co-products. This has been recognised as one 438 way of systematically executing allocation in LCA [31] [32] [33] . 439
Structural path analysis (SPA) is useful in describing and characterizing carbon hotspots in 440 the supply chain. Specific processes in the RME biodiesel supply chain can be matched to the 441 structural paths in order to identify the hotspots in the supply chain. For example, the first 442 ranked structural path: Other chemical products > Biofuel Process can be identified as the 443 inputs of industrial grade phosphoric acid, H 3 PO 4 (85% in water) into the biodiesel production process. Likewise, the second ranked structural path: Organic basic chemicals > 445
Biofuel Process describes the inputs of methanol into the biodiesel production process. As 446 can be seen from the ranked structural paths available in the Table S3 , all the paths end as a 447 direct input into the RME diesel production process. The demanding sector is therefore 448 responsible for the emissions caused, but the emissions might occur upstream of that sector. 449
For example, in the 12 th ranked structural path: UK-Electricity -Coal> UK-Distribution and 450
Trade in Electricity > Biofuel Process; the biodiesel production process is responsible for 451 emitting 3.28 g CO 2 -eq per kg of RME biodiesel although it occurs upstream of the 452 production process. SPA provides a unique way of identifying processes in the entire supply 453 chain with hot-spots thereby ensuring that appropriate intervention measures and effective 454 policies can be prioritised and implemented to reduce carbon impacts. Emissions resulting 455 from industries in the ROW indicate that biofuel energy policies should not be limited to the 456 UK but rather a holistic approach should be adopted to account for emissions occurring 457 beyond the boundaries of the UK. SPA for co-products was not undertaken since system 458 expansion allocation was not used 459
As has been demonstrated for RME biodiesel, a systematic analysis of hybrid LCA and 460 application of SPA should also be extended to second generation biofuel because the 461 environmental impact of second-generation biofuel production can vary considerably 462 depending on the conversion route as well as the feedstock and site-specific conditions ([50] 463 and [51] ). This is because, the benefits of second generation biofuels is being promoted (e.g. 464
[1] and [52]), but the environmental profile is not fully understood. 
Process Analysis System Boundary
